The prairie vole is a socially monogamous rodent that is an excellent animal model for studies of the neurobiology of social attachment. Such studies have demonstrated that activation of reward circuitry during social interactions facilitates pair bond formation. Within this circuitry, -opioid receptors (MORs) modulate naturally rewarding behavior in an anatomically segregated manner; MORs located throughout the striatum (dorsal striatum, NAc core, and the entire NAc shell) are implicated in general motivational processes, whereas those located specifically within the dorsomedial NAc shell mediate positive hedonics (and are referred to as a "hedonic hotspot"). The purpose of the present study was to determine whether MORs within these distinct subregions differentially mediate pair bond formation. We first used receptor autoradiography to compare MOR binding densities between these regions. MOR binding was significantly higher in the NAc core and dorsomedial NAc shell compared with the ventral NAc shell. We next used partner preference testing to determine whether MORs within these subregions differentially mediate pair bonding. Blockade of MORs using 1 or 3 g of H-D-PheCys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH 2 within the dorsal striatum decreased mating during the cohabitation period and inhibited partner preference formation. In contrast, blockade of MORs within dorsomedial NAc shell inhibited partner preference formation without effecting mating behavior, whereas other regions were not involved. Thus, MORs within the dorsal striatum mediate partner preference formation via impairment of mating, whereas those in the dorsomedial NAc shell appear to mediate pair bond formation through the positive hedonics associated with mating.
Introduction
The socially monogamous prairie vole (Microtus ochrogaster) is an excellent animal model for studying the neurobiology of social attachment . Prairie vole mating partners form selective pair bonds that begin with an initial preference for a mating partner. This "partner preference" is associated with positive social interactions (Williams et al., 1992; Winslow et al., 1993) that are regulated by reward circuitry (Aragona and Wang, 2009) . Importantly, this circuitry is partly comprised of hedonic processing systems that code the valence of environmental stimuli and, together, coordinate goal-seeking behaviors (Dickinson and Balleine, 2010; Leknes and Tracey, 2010) . For example, positive hedonics is important for appetitive behavior (Cacioppo et al., 2004; Watson et al., 2010) , including that of a social nature (Komisaruk et al., 2010 ). An essential neural mechanism for mediating positive hedonics is the activation of -opioid receptors (MORs) (Panksepp et al., 1980; Bakshi and Kelley, 1993; Pecina and Berridge, 2000) within the dorsomedial portion of the nucleus accumbens (NAc) shell (i.e., a hedonic hotspot), a subportion of the striatum with distinct functional/anatomical characteristics (Pecina and Britt and McGehee, 2008; Smith et al., 2010; Britt et al., 2012; Watabe-Uchida et al., 2012) .
Although neural regulators of reward are commonly hypothesized to mediate appetitive social behavior (Trezza et al., 2011) , "reward" is not a unitary psychological concept; it has been suggested that "reward" may encompass at least three psychological components: hedonics, motivation, and learning (Berridge and Robinson, 2003) . Importantly, studies of food reward have identified that MORs distributed throughout the striatum mediate motivational and hedonic components of food reward in an anatomically segregated manner (Kelley and Berridge, 2002) . Specifically, stimulation of MORs throughout the striatum (dorsal striatum, NAc core, and the entire NAc shell) increases general motivational state (Bakshi and Kelley, 1993; Zhang and Kelley, 2000; DiFeliceantonio et al., 2012) , whereas only stimulation of MORs within the dorsomedial NAc shell mediates the positive hedonic responses associated with the consumption of highly palatable foods (Kelley et al., 2005 ; Pecina and Smith and Berridge, 2007) . This anatomical framework can be used as a tool to test the neurochemical and neuroana-tomical correlates that mediate other types of reward, such as attachment formation.
In the current study, we have used this well-established functional/anatomical mapping of MOR regulation of reward to determine whether specific subregions of the striatum, and therefore, possibly specific psychological components of reward, regulate partner preference formation. This study is especially important because it was recently suggested that MORs in the dorsal striatum, but not the NAc, are important for partner preference formation because blockade of MORs within dorsal striatum, but not within the ventral NAc shell, prevented partner preference formation (Burkett et al., 2011) . However, this previous study did not examine the role of MORs within the dorsomedial NAc shell (i.e., the region critical for hedonics). Thus, in the present study, we used receptor autoradiography and site-directed behavioral pharmacology to compare the involvement of MORs within four regions of the striatum in partner preference formation.
Materials and Methods
Subjects. Subjects for partner preference tests were adult female prairie voles bred at the University of Michigan (Resendez et al., 2012) . Adult male prairie voles were used as stimulus animals. Subjects were weaned and housed as previously described (Resendez et al., 2012) . All procedures were conducted in accordance with the animal care guidelines of the University of Michigan. Adult female prairie and meadow voles used for MOR autoradiography were bred at Florida State University in the laboratory of Dr. Zouxin Wang, and all procedures were conducted in accordance with Florida State University animal care guidelines.
Receptor autoradiography. Subjects were killed via rapid decapitation, and brains of sexually naive female prairie (n ϭ 5) and sexually naive female meadow voles (n ϭ 5) were removed, immediately frozen on dry ice, and stored at Ϫ80°C Resendez et al., 2012) . Brains were sectioned on a cryostat at 15 m in four serial sections and stored at Ϫ80°C until processing . MOR autoradiography (DAMGO; PerkinElmer, catalog #NET 902; lot #3615807) was conducted as previously described (Resendez et al., 2012) . Kodak BioMAx MS film was laid on the slides and exposed for 6 months (Resendez et al., 2012) . After completion of the exposure period, film images were captured using a Scan Maker 1000XL Microtek scanner. The density of MOR binding within the dorsal striatum, the NAc core, the dorsomedial NAc shell, and the ventral NAc shell ( Fig. 1 A, B) was analyzed with NIH ImageJ 64 (Bales et al., 2007b) . MOR binding densities within each region were measured in four serial rostral coronal sections (before the corpus callosum fusing) as well as four serial coronal sections caudal to the callosum fusions (when the anterior commissure is aligned with the ventricle). These rostral and caudal regions were averaged for each respective region of the striatum.
The above anatomical markers of rostral and caudal striatum were chosen to be consistent with those that have been previously described in voles as well as those that are currently used to describe the location of the NAc hedonic hotspot in rats (Richard et al., E, In the rostral striatum, MOR binding was significantly higher in the NAc core and dorsomedial NAc shell compared with the ventral NAc shell (n ϭ 5). F, MOR binding was higher in all regions in the rostral striatum compared with the caudal striatum (n ϭ 5). G, H, There was no difference in MOR binding density between prairie and meadow voles in (G) rostral or (H ) caudal regions of the striatum (n ϭ 5). *p Յ 0.05. **p Յ 0.005.
2013).
Mean densities of all regions of interest were background subtracted from white matter tracts (anterior commissure) (Olazabal and Young, 2006) . ImageJ 64 was also used to generate composite images of the average MOR binding density of five female prairie voles within the rostral and caudal striatum (Fig. 1C,D ). Images were made by stacking either the rostral or caudal sections used for analysis for each female prairie vole (n ϭ 20; 4 sections/female) and then the binding density was averaged across the images. Stereotaxic cannulation. Female prairie voles were anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) and implanted with a 26-gauge bilateral guide cannula aimed at the dorsal striatum (ϩ1.6 mm A/P; Ϯ1.5 mm M/L; Ϫ3.0 mm D/V), NAc core (ϩ1.6 mm A/P; Ϯ1.2 mm M/L; Ϫ3.5 mm D/V), or NAc shell (ϩ1.7 mm A/P; Ϯ1 mm M/L; dorsomedial: Ϫ4.2 mm D/V; ventral: Ϫ4.5 mm D/V) (Aragona et al., 2003; Burkett et al., 2011) . All subjects were administered 10 mg/kg ketoprophen immediately after surgery as well as 24 h later and were given 3-5 d to recover in their home cage with their cage mate.
Cohabitation and partner preference tests. MOR regulation of pair bond formation was examined using site-directed pharmacological manipulation of mating-induced partner preferences Cushing et al., 2008) . After surgery, female subjects were estrogen primed with 2.0 g estradiol benzoate for 3 d before cohabitation with a male (Fowler et al., 2005; Burkett et al., 2011) . On the day of the experiment, artificial cerebral spinal fluid (aCSF) (n ϭ 11) or aCSF containing 1 or 3 g of the specific MOR antagonist H-D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH 2 (CTAP) (Sigma-Aldrich) (Burkett et al., 2011; Trezza et al., 2011) was infused into one of four regions of the striatum (dorsal striatum n ϭ 6 -10; NAc core n ϭ 5-6; dorsomedial NAc shell: n ϭ 4 -8; ventral NAc shell: n ϭ 8 -9).
Immediately after injections, female subjects were placed in a cage with a novel male (referred to as the "partner") and allowed to cohabitate and mate for 24 h, which reliably induces partner preference formation (Williams et al., 1992 ). The first 6 h of the cohabitation were analyzed for the total number of mating bouts, and only subjects who mated during this period were included in the study (Carter and Keverne, 2002; Aragona et al., 2003; Curtis and Wang, 2005a) . A mating bout was described as the occurrence of the following sequence of events: mount, intromission, and grooming of the genital areas. Lordosis is required for the male to properly mount and intromit the female, and this behavior was also assessed during an individual bout. There was no difference in the total number of animals who mated between subjects who received CTAP into the dorsal striatum ( 2 ϭ 3.79, df ϭ 2, p ϭ 0.15), the NAc core ( 2 ϭ 0.55, df ϭ 2, p ϭ 0.76), or the NAc shell ( 2 ϭ 1.29, df ϭ 4, p ϭ 0.86) ( Table 1 ). The first 10 min of each hour during this 6 h period were also scored to quantify the duration of affiliative behavior (olfactory investigation and side-by-side contact) as well as the frequency of locomotor activity (cage crosses) during the cohabitation period.
After the 24 h cohabitation period, partner preference testing was conducted using a modified partner preference apparatus Burkett et al., 2011) . Briefly, the partner preference apparatus was composed of three equally sized compartments divided by partial barriers. Male partners were loosely tethered in one compartment, whereas novel males (referred to as "strangers") were loosely tethered in the opposite compartment (Donaldson et al., 2010; Keebaugh and Young, 2011) . At the beginning of the test, the female subjects were placed in the center (neutral) compartment and allowed to freely roam between compartments for 3 h (Curtis et al., 2001; Bales et al., 2007a) . A significant partner preference was determined by statistically comparing (see below) the duration of mean time spent in contact with the partners to the duration of time spent in contact with the strangers (Cho et al., 1999; Cushing et al., 2003; Bales et al., 2007a) . Cannulae placements were confirmed by slicing frozen brains into 40 m sections using a Leica cryostat (CM1850). Only subjects with correct placements were used for analysis. All striatal placements were in rostral portions of the nuclei (i.e., regions previously proven to be important for pair bond formation) .
Statistics. A one-way ANOVA was used to compare the densities of MORs between the four regions of the striatum (Heinz et al., 2005) . A paired t test was used to compare MOR binding density between the rostral and caudal portions of each region. A two-way ANOVA (species ϫ region) was used to compare MOR binding density between prairie and meadow voles (Insel and Shapiro, 1992) . A one-way ANOVA was used to compare differences in mating bouts between treatment groups as well as total contact time (partner contact ϩ stranger contact) during the partner preference test (Burkett et al., 2011) . A two-way ANOVA (treatment ϫ time) was used to determine whether inhibition of MORs impacted affiliative behaviors or locomotor activity during the first 6 h of cohabitation (Curtis et al., 2001; Aragona et al., 2003) . A two-way ANOVA (treatment ϫ chamber) was also used to determine whether MOR blockade affected the time spent in each chamber of the partner preference apparatus. All ANOVAs were followed by a Tukey's post hoc test. A partner preference was determined with a paired t test by comparing the duration of time spent in contact with the partner to that of the stranger (Cushing et al., 2003; Curtis and Wang, 2005a) . Finally, a 2 was used to compare the total number of subjects that mated within a treatment group. In all cases, statistical significance was determined using an ␣ level of Յ0.05.
Results

Quantification of MOR binding throughout the striatum
Previous studies have identified MORs within the dorsomedial NAc shell as important for positive hedonics (i.e., a "hedonic hotspot"), and it has been postulated that this may be associated with a higher density of MORs in this region (Pecina and Berridge, 2000; Smith and Berridge, 2007) . In our previous study, we noticed (qualitatively) that prairie voles showed a higher density of MORs in the dorsomedial NAc shell (Resendez et al., 2012, their Fig. 6) , and this is also evident in a recently paper published by another group (Burkett et al., 2011, their Fig. 4 ). In the present study, we provide the first quantification of MOR density across the striatum of female prairie voles (Fig. 1A-D) and demonstrate that MOR density varies by region (F (3,19) ϭ 4.70, p ϭ 0.02). Specifically, within rostral regions of the striatum, MOR binding within the dorsomedial NAc shell is significantly higher than the ventral NAc shell (p ϭ 0.05; Fig. 1E ). MOR binding within the NAc core was also significantly higher than the ventral NAc shell (p ϭ 0.01; Fig. 1E ). The density of MOR binding did not significantly differ between any other regions of the striatum. Although MORs within the dorsal striatum were not significantly higher than the ventral striatum in this paper, it is important to note that this may be the result of variation in patch/matrix distribution because MOR density is very high in patches (or striosomes) and low in the matrix (Graybiel and Chesselet, 1984; Johnston et al., 1990; Gerfen, 1992) .
MOR binding densities also varied along a rostral-caudal gradient. Within all regions of the striatum, the binding density was (Fig. 1F ) . Together, these data demonstrate that, within the striatum, MOR binding density is significantly higher within the rostral regions. Moreover, within the NAc shell, MOR binding density is highest within rostral dorsomedial region (Fig. 1C,D) . To determine whether there are any differences in striatal MOR binding density between monogamous and nonmonogamous vole species, we compared MOR binding density between female prairie voles and female meadow voles, a nonmonogamous vole species (Beery and Zucker, 2010) . This comparison was made because previous studies have identified relationships between receptor binding patterns and the social organizations of a vole species (Insel and Shapiro, 1992; Insel et al., 1994; Wang et al., 1997; Young et al., 1997 Young et al., , 1999 Lim and Young, 2004; Aragona et al., 2006; Barrett et al., 2013 ). Similar to above, MOR binding was measured in the dorsal striatum, the NAc core, the dorsomedial NAc shell, and the ventral NAc shell. Consistent with previous studies (Insel and Shapiro, 1992) , there were no species differences in binding density between any regions of the rostral striatum (F (2,32) ϭ 0.41, p ϭ 0.53; Fig. 1G ). Within the caudal striatum, the overall ANOVA for MOR binding was significant (F (2,32) ϭ 4.12, p ϭ 0.05), but post hoc test did not reveal any specific species differences between any region of the striatum (Fig. 1H ) .
The consistent binding pattern of these receptors across vole species suggests that MORs within the striatum do not play a direct role in species-specific social organization but rather appear to play a more general role in natural reward processing. Consistent with this, within the NAc of other species, a high density of MOR binding can be seen in the dorsomedial NAc shell of the rat (Herkenham et al., 1984) and MOR binding within the human NAc shell is also reported to be highly heterogeneous (Voorn et al., 1996) , further suggesting that MORs within specific striatal regions may act as a common neural currency of reward. To test whether MORs are important for social reward and, therefore important for social bonding, we conducted a thorough analysis of MORs throughout the striatum for their role in pair bond formation.
MORs and partner preference formation
Dorsal striatum
It was recently demonstrated that blockade of MORs in the dorsal striatum with 1 g CTAP prevented the formation of partner preferences in female prairie voles (Burkett et al., 2011) . Therefore, we first set out to replicate this finding. As previously described (Burkett et al., 2011) , control females that received aCSF showed significant partner preferences (t (10) ϭ 2.895, p ϭ 0.02; Fig. 2A ). Further, we also replicated this study by demonstrating that blockade of MORs within the dorsal striatum with CTAP inhibits partner preference formation (Burkett et al., 2011) , although our dose-response differed. Specifically, we did not replicate the finding that blockade of MORs within the dorsal striatum with 1 g CTAP inhibits partner preference formation (t (8) ϭ 3.34, p ϭ 0.01; Fig. 2A ). However, the higher dose of CTAP (3 g) used in the present study prevented partner preference formation (t (5) ϭ 0.72, p ϭ 0.50; Fig. 2A ). Blockade of MORs in the dorsal striatum did not affect the total contact time (F (2,26) ϭ 2.38, p ϭ 0.114; Fig. 2C ) or the amount of time spent in each chamber (F (2,72) ϭ 9.41, p ϭ 0.97; Fig. 2B ) during the partner preference test. Thus, our overall finding that blockade of MORs within the dorsal striatum inhibits partner preference formation is consistent with that published in a previous report (Burkett et al., 2011) , and the difference in effective dose may be the result of slight variations in probe placement (Fig. 5) , especially given the variation in patch/matrix activation (Graybiel, 1990; Gerfen, 1992) (Fig. 2A, inset ), or it is always possible for there to be slight differences between subjects from two different colonies.
Importantly, blockade of MORs in the dorsal striatum significantly decreased the total number of mating bouts during the habituation period (F (2,26) ϭ 3.58, p ϭ 0.04; Fig. 2D ) without affecting the level of affiliative social interactions during the habituation period (F (2,120) ϭ 0.97, p ϭ 0.40; Table 2 ). Post hoc tests revealed that subjects who received the high dose of CTAP into the dorsal striatum mated significantly less than control subjects ( p ϭ 0.05; Fig. 2D ). Importantly, MOR regulation over prairie vole mating behavior is consistent with a previous study (Burkett et al., 2011) ; and because mating is important for partner preference formation, these data suggest that administration of a dose of CTAP into the dorsal striatum that attenuates mating is the mechanism by which partner preference formation is disrupted. This decrease in mating behavior is not secondary to a general decrease in motor activity as blockade of MORS in the dorsal striatum had no effect on locomotor activity during the habituation period (F (2,120) ϭ 1.37, p ϭ 0.27; Table 3) .
NAc core
We next tested a possible role for MORs within the NAc core in partner preference formation (Fig. 5) . Blockade of MORs within the NAc core with either the low (t (5) ϭ 3.07, p ϭ 0.03) or high (t (5) ϭ 3.07, p ϭ 0.03) dose of CTAP did not inhibit partner preference formation (Fig. 3A) . There was also no overall effect on the time spent in each chamber (F (2,57) ϭ 0.03, p ϭ 0.97; Fig.  3B ) or total contact time (F (2,21) ϭ 0.18, p ϭ 0.88; Fig. 3C ) during the partner preference test. During the cohabitation period, there was also no effect on affiliative behavior (F (2,108) ϭ 0.06, p ϭ 0.94; Table 2 ) or locmotor activity (F (2,108) ϭ 0.87, p ϭ 0.43; Table 3 ). The overall ANOVA indicated a trend for a decrease in mating behavior (F (2,21) ϭ 3.00, p ϭ 0.07; Fig. 3D ), and the lack of significance may be the result of the high level of variability in mating behavior in subjects treated with the low dose of CTAP (1 g). A t test was therefore conducted to directly compare the mating bout frequency between control subjects and subjects treated with 1 or 3 g CTAP. There was no difference in the number of mating bouts between control females and those treated with 1 g CTAP (t (15) ϭ 0.22, p ϭ 0.83), but there was a significant difference between control females and those treated with 3 g CTAP (t (14) 2.94, p ϭ 0.01). To be consistent with the statistical analysis used on the rest of the treatment groups (and with those generally used to compare more than two groups), the overall data are reported as a trend, but it is important to note that the effect of MOR blockade within the NAc core appears to have variable effects on mating behavior and partner preference formation.
The inability of MOR blockade within the NAc core to significantly affect partner preference formation is consistent with previous studies of pair bonding that have not identified a role for the NAc core in this behavior Aragona and Wang, 2007; Resendez et al., 2012) . However, when the trend for a decrease in mating is considered in relation to the significant decrease in the dorsal striatum and lack of an effect on mating in the NAc shell (see below), the present data are consistent with the notion that the striatum is functionally connected via a ventromedial to dorsolateral spiraling system, which would make the NAc core a striatal transition zone between the NAc shell and dorsal striatum (Haber et al., 2000; Haber, 2003; Everitt and Robbins, 2005; Vanderschuren and Everitt, 2005) . Therefore, MORs within this region may have intermediate effects on mating that are not sufficient to impact partner preference behavior. Intermediate pharmacological effects within the NAc core on partner preference behavior are consistent with the view that the striatum functions in a topographic manner, and intermediate effects on social reward behavior can be found in transition zones, such as the NAc core.
NAc shell
Previous studies have demonstrated that the NAc shell is a highly heterogeneous region (Ikemoto, 2007; Britt and McGehee, 2008; Resendez et al., 2012; Watabe-Uchida et al., 2012) , especially in regards to function (Pecina and Berridge, 2005; Smith et al., 2010; Lammel et al., 2011; Britt et al., 2012; Richard et al., 2013 Data are mean Ϯ SEM. Site-specific blockade of MORs with 1 or 3 g CTAP into any region of the striatum did not impact the duration of time (min) that female subjects spent engaging in affiliative behavior with the partner at each 10 min interval sampled during the first 6 h of cohabitation. Data are mean Ϯ SEM. Site-specific blockade of MORs with 1 or 3 g CTAP into any region of the striatum did not impact locomotor activity as measured by cage cross frequency during each 10 min interval sampled during the first 6 h of cohabitation.
cantly differ in MOR binding, with the dorsomedial NAc shell having significantly greater binding compared with the ventral NAc shell (Burkett et al., 2011, their Fig. 1) . Therefore, we next tested whether MORs within these subregions differentially regulate partner preferences (Fig. 5) . We first replicated a recent study (Burkett et al., 2011) by demonstrating that blockade of MORs within the ventral NAc shell with a low (t (8) ϭ 3.62, p ϭ 0.007) or high (t (7) ϭ 3.31, p ϭ 0.03) dose of CTAP did not influence partner preference formation (Fig. 4A) . However, unlike the ventral NAc shell, blockade of MORs within the rostral dorsomedial NAc shell with either the low (t (7) ϭ 0.80, p ϭ 0.45) or high (t (4) ϭ 0.46, p ϭ 0.67) dose of CTAP abolished partner preference formation (Fig. 4A) . This effect was not the result of drug effects on general social behavior or locomotor activity because blockade of MORs within any region of the NAc shell did not impact affiliative behavior (F (4,180) ϭ 0.81, p ϭ 0.53; Table 2 ) or locomotor activity during the cohabitation period (F (4,180) ϭ 0.90, p ϭ 0.48; Table 3 ). During the partner preference test, there was no overall difference in the time spent in each chamber between treatment groups (F (4,105) ϭ 0.17, p ϭ 0.96; Fig. 4B ) or total contact time (F (4,40) ϭ 2.23, p ϭ 0.08; Fig.  4C ). Together, these data indicate that, within the NAc, MOR regulation of partner preference formation is specific to the dorsomedial NAc shell, the region dense with MORs (Fig. 1) , and, perhaps most importantly, that has previously been implicated in positive hedonics (Pecina and Berridge, 2005) .
Unlike the dorsal striatum, inhibition of mating-induced partner preferences in the dorsomedial NAc shell was not associated with decreased mating as administration of neither the low nor high dose of CTAP within the dorsomedial NAc shell altered the total number of mating bouts (F (4,38) ϭ 1.14, p ϭ 0.35; Fig.  4D ) during the cohabitation period. Moreover, because this inhibition of partner preference (via MOR blockade in the dorso- medial NAc shell) formation does not act through the regulation of mating behavior but is rather a consequence of mating, these data suggest that MORs within the dorsomedial NAc shell regulate partner preference formation through different psychological mechanisms than those located within the dorsal striatum that directly impact mating behavior, most likely, the positive hedonics associated with mating.
Discussion
Partner preference formation is a powerful example of social reward, and the current study is among many that show that brain reward circuitry is essential for this behavior (Wang et al., 1999; Gingrich et al., 2000; Aragona et al., 2003; Lim and Young, 2004; Curtis and Wang, 2005a, b; Aragona et al., 2006; Aragona and Wang, 2007; Lim et al., 2007; Burkett et al., 2011; Hostetler et al., 2011; Keebaugh and Young, 2011; . The present study is the first to demonstrate that regional specificity in MORs within the striatum of pair bond formation is the result of different underlying mechanisms associated with social reward. We first replicated a recent finding (Burkett et al., 2011) by demonstrating that partner preference formation requires activation of MORs within the dorsal striatum, a brain region where MORs mediate motivated behavioral responses . Additionally, we extend this current knowledge by providing the first evidence that endogenous opioids within the NAc are also critical for partner preference formation; specifically, activation of MORs within the region of the NAc shell implicated in positive hedonics is required for pair bond formation. Importantly, these data provide the first evidence that this dense patch of MORs within the dorsomedial NAc shell not only mediates positive hedonics associated with food reward (Pecina and Berridge, 2000; Smith and Berridge, 2007) but may play a general role in the neural processing of other natural rewards, including social reward. Together, our data identify two potential parallel mechanisms in which MORs regulate partner preference formation: one in which MORs in the dorsal striatum regulate the motivation to engage in mating behavior that facilitates pair bond formation and the second in which MORs in the dorsomedial NAc shell regulate positive hedonic processing that is a consequence of socially rewarding acts, such as mating.
Motivation, the dorsal striatum, and partner preference formation Partner preference formation in prairie voles is facilitated by mating (Williams et al., 1992) , and the present study demonstrates that blockade of neural systems that mediate this behavior, such as the endogenous opioid system within the dorsal striatum, interferes with the initial formation process. Although opioid regulation of prairie vole mating has only recently been examined (Burkett et al., 2011) and is therefore not well understood, data from other species have directly implicated this system as important for both the act of mating (Coolen et al., 2004; Parra-Gamez et al., 2009; Komisaruk et al., 2010) and the formation of preferences for environments associated with mating (Coria-Avila et al., 2008) . During mating, endogenous opioids are released into reward processing regions of the brain (Szechtman et al., 1981) , and the release of these peptides is critical for generating sexually motivated responses as peripheral blockade of MORs in rats increases the mating bout interval as well as decreases the frequency of bouts (Ismail et al., 2009 ). Additionally, the expression of enkephalin, an endogenous ligand for MORs (Simantov et al., 1977) , increases in the dorsal striatum of female rats during proestrous (Roman et al., 2006) : the period of the estrous cycle where lutenizing hormone and progesterone concentrations surge to induce ovulation, sexual receptivity, and motivation (Smith et al., 1975; Becker, 2009) . Together, these results suggest that activation of MORs within the dorsal striatum mediates motivational aspects of sexual behavior. Indeed, recent evidence from studies of food reward directly implicates MORs within the dorsal striatum in motivated behavior . Specifically, enkephalin is released in the dorsal striatum during the onset of food consumption, and this release is positively correlated with the speed at which food consumption begins , indicating that activation of MORs within this region is important for energizing appetitive response to rewarding stimuli (Richard et al., 2013) . Therefore, blockade of these receptors while in the presence of a highly salient social stimulus, such as a potential mating partner, may decrease the motivation to seek the reward (i.e., mating). Although it is not possible to objectively measure mating motivation in the present paradigm, lordosis by the female is required for the successful completion of a mating bout, and it is therefore unlikely that dorsal striatal MOR blockade decreased mating through a reduction in sexual mobility (Becker, 2009) . However, further studies are necessary to tease apart the direct role of striatal MORs in female mating behavior.
Interestingly, activation of the dorsal striatum is also thought to regulate the motivational aspects of partner preference formation in humans as this region is activated during the early stages of a romantic relationship, but this activation is not correlated with the positive hedonic state induced by the partner (Aron et al., 2005) . Similarly, enkephalin released into the dorsal striatum during food consumption is not associated with the hedonic responses to this stimulus . Thus, activation of MORs within the dorsal striatum appears to be specific to the motivational aspects of reward seeking. In general, these data suggest that MORs within the dorsal striatum may be critical to partner preference formation by generating socially motivated behavioral responses, such as mating, and subsequent consequences of mating, such as partner preference formation.
Positive hedonics, the rostral dorsomedial NAc shell, and partner preference formation MORs within the dorsomedial NAc shell have been implicated in positive hedonics (Berridge and Kringelbach, 2008) that is critical in the early stages of attachment formation (Panksepp et al., 1980; Resendez and Aragona, 2013) . During the cohabitation period, male and female prairie voles engage in high levels of rewarding social interactions, such as investigatory behavior, mating, and huddling (Carter and Getz, 1993) . These interactions are important for the formation of a bond (Williams et al., 1992) , and data from the present study demonstrate that blockade of MORs within the dorsomedial NAc shell did not interfere with social contact and mating (i.e., consummatory behavior related to social reward). Instead, removal of a positive hedonic signal after mating by blocking MORs within the dorsomedial NAc shell disrupts social reward and interferes with a positive motivated social decision (Aragona and Wang, 2009; Resendez and Aragona, 2013) . These data are consistent with a previous study of social reward that demonstrated that activation of MORs within the NAc shell, and possibly hedonic signaling, is important for guiding socially motivated behavior (Trezza et al., 2011) .
A role for hedonics in social bonding is strongly supported by the human literature, and social interactions with a mating partner are indeed described to be pleasurable (Fisher et al., 2006 ).
Social interactions with a mate or viewing photos of a romantic love interest activate reward circuitry (Panksepp et al., 2002; Fisher et al., 2006) . Together, these data suggest that homologous reward circuits across mammalian species are involved in selective attachment formation. This speaks to the evolution of the role of positive affect in attachment; and given that a common neural circuit may mediate pleasure, our work has implications for a "common neural currency" important for general motivation, including socially motivated behaviors (Cabanac, 2002; Burgdorf and Panksepp, 2006) .
Parallel motivational and hedonic processing in partner preference formation
Appetitive processing within the brain involves interactions between parallel processing striatal circuits associated with cognitive, motor, and limbic regions (Flaherty and Graybiel, 1994; Haber, 2003; Kreitzer and Berke, 2011) . With respect to attachment formation, a lack of coupling between consummatory motivated behavior, such as mating, and the subsequent positive hedonic encoding of that behavior may act to decrease future social reward seeking, such as contact with the mated partner during the partner preference test (Resendez and Aragona, 2013) . Interestingly, inputs and outputs into the striatum are organized into a topographical, spiral pattern (Haber et al., 2000; Belin et al., 2009 ) that may account for the regional differences in MOR regulation of pair bond formation within the striatum. Specifically, blockade of MORs in the dorsal striatum may decrease the motivation to generate appropriate motor responses to a salient social stimuli (i.e., reduced mating), whereas those in the dorsomedial NAc shell appear to regulate the positive hedonic coding of that same social stimulus. Thus, coordination between distinct neural systems that differentially code psychological processes of behavior related to social reward is important for attachment formation.
In conclusion, among monogamous prairie voles (Getz et al., 1981) , the choice of a mate that will result in successful reproduction is of critical importance (Curtis, 2010; Resendez et al., 2012) , and the present study demonstrates that appropriate MOR activation within distinct regions of the striatum has evolved to facilitate social decision making (Resendez and Aragona, 2013) . Within the striatum, MORs within dorsal and ventral subregions act in parallel to mediate mating and the hedonic consequences of mating, respectively. Together, the present data and data from studies of food reward indicate that MORs within the striatum do not play a specific role in one type of reward (Berridge and Kringelbach, 2013 ) but rather act as general neural currency to motivate rewarding/adaptive behavioral responses, including the formation of a selective attachment.
